Macrofibers in steady-state growth at one temperature were subjected to pulses of various durations at a temperature at which the opposite helix hand would form and then returned to the initial temperature. In an upshift pulse (20 to 48°C), at least 3 min of incubation was required to induce a transient inversion that occurred later after return to 20°C. Longer pulses resulted in shorter delays in onset of the transient inversion. This "memory" of a brief high-temperature pulse suggests that even a small amount of material can influence the twist of the entire macrofiber. Similar results were found for temperature downshift pulses corresponding to the opposite inversion. Adding chloramphenicol during the temperature pulse blocked the establishment of memory associated with the right-to-left inversion but not that associated with left-to-right inversion. In contrast, inhibiting peptidoglycan synthesis with D-cycloserine during the temperature pulse did not prevent establishment of memory. Inhibiting protein synthesis in mutants fixed as left-handed structures over the entire temperature range induced conversion to right-handedness but did not affect mutants fixed as right-handed structures. Adding protease to either live or formaldehyde-killed macrofibers always induced rotations of right-handed orientation. Steady-state growth in the presence of protease was found to shift the initial macrofiber twist towards the right-hand end of the twist spectrum. The phenomenon was observed in several mutants with different initial twists.
The twist of Bacillus subtilis FJ7 macrofibers varies with growth temperature, ranging from tight right-handed through neutral to tight left-handed (4) . Presumably this twist spectrum corresponds to a range of cell wall structural states. When macrofibers produced by growth at one temperature are transferred to another temperature, they adjust their twist to that characteristic of growth at the new temperature after a certain lag (1) . The lag is likely to reflect the upwelling movements of the cell wall polymers (5) and is presumably related to the relative amounts or positions within the wall of new and old material (1, 4) . The aim of the present communication is to explain the lag which characterizes helix hand inversion in terms of synthesis and migration of wall material and to determine what macromolecular syntheses are required for the inversion. The results of temperature-pulse experiments show that macrofibers "remember" a brief exposure to another temperature and later respond with a transient helix hand inversion. This memory system was used to probe the macromolecular syntheses (protein and peptidoglycan) required for helix hand determination. In addition, the effects of protease on macrofiber orientation were examined.
MATERIALS AND METHODS
Microorganisms and growth conditions. The B. subtilis strains used are described in Table 1 . Macrofibers were grown in TB medium (tryptone, beef extract, and NaCl) by standard methods (3) .
Temperature-pulse manipulations. (i) Shiftup. Macrofibers produced in 10 ml at 20°C were concentrated by successive pipetting, by which individual macrofibers were removed from the original culture and transferred into a smaller volume (usually 1 ml). The process was repeated until all the fibers were contained in a 0.1-ml volume. This population was transferred into 5 to 10 ml of fresh TB medium prewarmed to 48°C and then incubated for specified times. Macrofiber behavior after return to 20°C was followed either by time-lapse microcinematography or by direct observation with a dissecting stereoscopic microscope.
(ii) Downshift. Macrofibers produced at 48°C were rapidly transferred to 5 to 10 ml of fresh TB medium at 20°C. After the low-temperature pulse (5 to 20 min) they were concentrated into 0.1 ml of 20°C medium by successive pipetting as described above and then transferred into 5 to 10 ml of fresh TB medium prewarmed to 48°C. Subsequent growth dynamics were observed in the usual manner (4) . For antibiotic inhibition during the pulse, the drug was added to macrofibers 10 min before the temperature shift to ensure effective inhibition during the pulse. Control experiments (at 20 and 48°C) showed that macrofibers required 5 to 10 min of exposure to 100-,ug/ml concentrations of any of the drugs before residual synthesis ceased. After the exposure period the drug was removed by three successive transfers of a 10-,ul sample of fibers into 10 ml of fresh TB medium. Control experiments also showed that after 20 min of inhibition by either chloramphenicol or D-cycloserine, cell growth resumed immediately at the normal rate once the drug had been removed.
Dynamic twist measurements. Macrofiber dynamic twist was measured from cinematographic data as previously described (4) .
Incubation of macrofibers with proteases. Live, formaldehyde (1%, vol/vol)-killed, or 20 mM NaN3-inhibited macrofibers produced at 20 or 48°C were added to 5 ml of TB medium containing 200 ,ug of either trypsin or pronase per ml. Macrofibers were observed microscopically, and the time at which relaxation motions began and their duration, rate, and direction were recorded. Relaxation movements were easily identified by their high rotation rates (10 to 100 times as rapid as the turning motions associated with growth). Alternately, macrofibers produced at 20°C were seeded into fresh warm (either 20 or 48°C) TB medium containing the enzyme. Macrofibers that grew in the presence of the protease were then examined for helix hand phenotype. Lyophilized trypsin (2x crystallized) was obtained from Worthington Biochemicals, Freehold, N.J. Pronase was obtained from Calbiochem, San Diego, Calif.
RESULTS
Macrofiber geometry following a temperature pulse. The lag in macrofiber hand inversion following a temperature shift (1) could be due to either (i) the time required for 0 0 0 c\J E E Ex synthesis of cell wall of new helix orientation and its substitution for a substantial amount of old wall or (ii) the time required for a minor fraction of new wall to mature or migrate to a critical position (5) . To distinguish between these possibilities, we used a temperature-pulse protocol which should enable walls of heterogeneous composition with respect to potential helix orientation to be constructed. Variations in the pulse duration were examined in an effort to vary the thickness of the middle layer, consisting of material with helix orientation opposite that of material synthesized both before and after the pulse. Strain FJ7 macrofibers exposed to temperature upshift pulses of various durations were found to vary in the length of the inversion lag following return to the initial temperature. A 3-to 4-min pulse at 48°C was sufficient to provoke a transient macrofiber inversion 220 min after return to 20°C. Longer periods of incubation at high temperature resulted in shorter inversion lags. We considered only exposures to 48°C that were shorter than required for inversion to begin during the 48°C incubation. Over this range there was a linear relationship between temperature upshift pulse duration and the length of the inversion lag ( Fig. 1) .
In downshift temperature pulses of left-handed macrofibers produced at 48°C, a 20-min exposure at 20°C resulted in the cessation of left-handed rotation at about 26 min after return to 48°C. A 20-min incubation at 20°C corresponds to not more than 0.17 generation of growth, and consequently the left-to-right inversion can apparently also be mediated by a very small amount of wall material at a critical location or a certain stage of maturation. Thus, at both extremes of its spectrum, macrofiber twist can be strongly influenced by a minor component of the cell wall. The time lag to inversion and the transient nature of the inversion suggest that this minor component exerts its influence only when it is located at or near the cell surface.
Effect or cell wall synthesis is required for helix hand inversion, the effect of treating macrofibers with antibiotics during a temperature pulse was examined. Protein synthesis was inhibited by chloramphenicol, and cell wall synthesis by Dcycloserine (Table 2) . During a temperature upshift the process that establishes the memory leading later to inversion from right-to left-handedness was blocked by chloramphenicol but not by D-cycloserine. However, during a temperature downshift pulse, neither of the two antibiotics prevented the establishment of memory. Although data are shown only for a 20-min pulse (Table 2) , the same results were found with other pulse durations. It appears that synthe'sis of a protein(s) is required for the inversion of macrofibers from right-handed to left-handed. The Dcycloserine experiments indicate that establishment of memory for temperature-induced helix hand inversion does not require peptidoglycan synthesis.
Effect of protein synthesis inhibition on macrofiber dynamic twist after upshift. Using macrofibers of strain SDS118, we found that the rate of helical turning after exposure to high temperature varied in a complex manner during subsequent incubation at low temperature (Table 3) . Chloramphenicoltreated and control macrofibers appeared to follow a similar course; an increase in positive dynamtic twist was observed in both cultures but at different times, i.e., the rise appeared earlier in the control cultures and its maximum value was lower than that found in macrofibers that were drug inhibited during the pulse. After approximately 100 min of incubation at low temperature, the control macrofibers underwent a sharp drop in dynamic twist and eventually ceased to rotate in the right-handed direction and started left-handed rotation. In contrast, chloramphenicol-treated macrofibers underwent a reduction in dynamic twist from the peak value (Table 3 ) but stabilized at about 25 turns/mm, a value within the range expected for steady-state right-handed macrofibers growing at 20°C. These results reveal that a pulse exposure to 48°C in the presence of chloramphenicol affected macrofiber growth dynamics; this effect may be attributed to the insertion of new wall material in the presence of chloramphenicol. However, the absence of protein synthesis during the pulse precluded inversion of the dynamic twist. Effects of transient inhibition of protein or cell wall synthesis in macrofiber mutants unable to undergo temperatureinduced helix hand inversion. The possible role of proteins in establishing and maintaining left-handed helix orientation was investigated by using mutants that are fixed with respect to helix orientation. Mutants 1-3B (produces only righthanded structures over the entire temperature range) and PS5 (produces only left-handed structures) were subjected to a 60-min period of inhibition with chloramphenicol or Dcycloserine. Macrofibers were incubated at 20°C throughout the experiment. The helix orientation of the right-handed mutant was not affected by any of the treatments. In contrast, the left-handed mutant, PS5, underwent a transient inversion to the right-handed phenotype after inhibition by chloramphenicol. The inversion of rotation began approximately 130 min after the chloramphenicol was removed. This observation provided further evidence that the left-handed phenotype cannot be established and maintained without concomitant protein synthesis (Table 4) .
Effects of protease on macrofibers. Strains FJ7 (an invertible strain), 8-10A (a mutant fixed in the right-handed structure), PS5, and PS6,uB (mutants fixed in the left-handed structure) were immersed in TB medium containing 200 ,ug of trypsin or pronase per ml and observed microscopically. Relaxation movements begun 2 to 4 min after the fibers were exposed to the enzyme. Rotation was always right-handed, and the most rapid rotation was induced in left-handed macrofibers, which continued to turn for about 10 min. Identical results were obtained with fibers inhibited with 20 mM NaN3 or killed with 1% formaldehyde (Table 5) .
In other experiments, macrofibers were seeded into TB medium containing 200 ,ug of trypsin per ml. All the macrofibers produced in the presence of the protease had more right-handed twist than those grown under similar conditions without the enzyme ( developed an extreme right-handed twist, whereas strain PS6,uB showed a less tight left-handed structure. No such effects were found when trypsin that had been inactivated by heating at 80°C for 20 min was used. Therefore, it appears that the degree of macrofiber twist is determined by a trypsin-sensitive factor. DISCUSSION From the results of temperature switch experiments reported here, we conclude that macrofiber helix hand is controlled by a small amount of cell wall material that is characteristic of the temperature at which it was produced. A lag was always observed between the time wall material was synthesized at a given temperature and the time at which macrofibers assumed the helicity characteristic of that temperature. These observations could to a large extent be interpreted on the basis of the currently accepted cell wall upwelling model (5): i.e., new wall material is inserted at the level of the cytoplasmic membrane and is then forced with concomitant spreading towards the outside surface as new material continues to be added below. Indeed, if during a temperature pulse macrofibers assemble cell wall of twist and helix hand characteristic of steady-state macrofibers grown at the pulse temperature, the amount of such wall being proportional to the duration of the pulse, then a short temperature pulse would establish the memory required for a transient helix inversion. The latter could take place only when material synthesized during the pulse reached either a critical position, most likely the outer surface of the cell wall, or a critical maturation state, or both.
Biosynthetic requirements for the establishment of memory have been determined for both right-to-left and left-toright macrofiber inversions by use of chloramphenicol and D-cycloserinfe inhibition. A clear asymmetry was found. In right-to-left inversion the establishment of memory is a chloramphenicol-sensitive process. Synthesis of one or more proteins appears to be required to achieve the left-handed macrofiber phenotype. This hypothetical left-hand-twist protein(s) made during an upshift temperature pulse could inhuence the cell wall structure even if peptidoglycan synthesis is inhibited by D-cycloserine during the pulse. In contrast, the establishment of memory for the left-to-right inveision was not sensitive to inhibition by either chloramphenicpl or D-cycloserine.
The existence of a left-hand-twist protein(s) was further supported by the following observations: (i) mutants fixed as left-handed structures over the entire temperature range could be induced to undergo right-handed rotation by a pulse with chloramphenicol, which presumably inhibits the synthesis of the left-hand-twist protein(s) and thus precludes the left-handed twist, (ii) adding proteases to macrofibers induced right-handed relaxation motions, presumably through degradation of the left-hand-twist protein(s), and (iii) growing macrofibers in the presence of protease caused a shift in twist towards the right-hand end of the twist spectrum, possibly due to reduction of the left-hand-twist protein(s).
Much of the asymmetry between right-to-left and left-toright hand inversion may reflect the fact that synthesis of left-hand-twist protein(s) is needed to generate left-handed structures but not right-handed ones. If either the amount or the activity of the left-hand-twist protein(s) is correlated with macrofiber twist, then higher amounts or activities would be present in fibers further towards the left-hand end of the twist spectrum. The switch from left to right handedness would require reducing the amount of the left-hand-twist protein(s). Presumably the protein(s) would have to be displaced and shed concomitant with cell wall turnover. The strict correlation between inversion lag and time required for newly synthesized wall to reach the upper surface after a temperature downshift (1) supports the view that cell wall redistribution and turnover play a role in the reduction of left-hand-twist protein(s) needed for right handedness to be achieved.
In conclusion, the inversion lags observed after a steadystate temperature upshift (1), an upshift temperature pulse, and a chloramphenicol pulse of fixed left-handed mutants (all of which involve right-to-left hand'inversion) must in part reflect the time required for the left-hand-twist protein(s) and the corresponding wall polymers to migrate from the cell membrane to the outer surface of the cell wall. A concomitant maturation process is also possible. However, nothing is currently'known about the migration of proteins in the cell wall or the maturation of cell wall components.
Our finding that the outer surface of the cell wall contributes more to shape determination in the helix system than the inner one does is compatible with suggestions by Koch and Doyle (A. L. Koch and R. J. Doyle, J. Theor. Biol., in press), i.e., that the outer layers of gram-positive cell wall peptidoglycan must bear greater stress than those more recently inserted into the wall. Recent observations by Viret et al. (6) on cell wall structure in DNA mutants of B. subtilis are also compatible with the idea that the outer layer of the cell wall is responsible for cell shape and morphogenesis. The results of lysozyme digestion of bacterial macrofibers further supports these conclusions (4). Thus, interactions at the outer surface of the cell wall involving peptidoglycan and 
